In order to explore the initial response of the visual system to radiological images in groups of individuals with increasing degrees of radiological training and experience, the locations of fixations made during visual inspection of digitised chest radiographs were examined for 4 groups of observers: 10 experienced radiologists, 9 first-year "novice" radiologists, I I "trainee" radiologists in the second and third years oftheir training, and 7 naive controls. Each observer viewed 12 digitised chest radiographs (6 normal and 6 showing some abnormality) on a VDU for 8s each. Eye movements were recorded throughout and observers indicated via a button box whether they thought the radiograph to be normal or abnormal. A least squares index27 was utilised in order to quantify the similarity in fixation location between pairs of eye movement traces over the first 1.5 and 3 seconds of an inspection. The similarities thus produced were then averaged to give intra-and intergroup similarities in fixation location.
INTRODUCTION 1 .1 The Guidance of Eye Movements over Images
The pattern of eye fixations made by an observer in viewing an image provides a measure of the visual processing involved in this complex task. Although the locations of such fixations are not in general randomly distributed7'14'37, there is no consensus regarding the relationship between the eye movement pattern and the properties of the image under examination. Further, the relative contributions of low level visual processing and higher level cognitive mechanisms to the control of search eye movements are also unclear. It has been argued that informative areas of an image are identified with the first few seconds during a sequence of eye movements24 '26 and that knowledge about the setting of a scene and of the main objects contained within it is obtained during the first fixation6'31. The visual system appears to take a snapshot of a scene by utilising its low spatial frequency content to achieve coarse, global recognition3° as was suggested by Gould". It has been suggested that a number of different image features may be responsible for attracting fixations during brief visual inspection, e.g. irregular contours"2, edges34, symmetry23 and low spatial frequency regions10. Mackworth and Morandi26 noted that in their experiments fixation locations corresponded to regions of the image rated subjectively as "informative" and Loftus and Mackworth25 reported that frequency of fixation during picture viewing related to the novelty, or unexpectedness, of objects. Such objects were, however, also distinguished by their unusual spatial structure33. Both peripheral visual mechanisms responsive to specific image features and higher level cognitive mechanisms have been implicated by different investigators.
Intra-observer comparisons between eye movements made by the same observer to repeated presentations of the same image indicate, however, that the locations of fixations are preserved, but their sequence is not23'36. Mannan et 27 revealed a high degree of similarity between the locations of fixations made by different observers viewing unfamiliar images, especially during the initial 1 .5s period of presentation. The ability of observers to recognise the images did not influence the fixation patterns, and it was concluded that for a given image, the fixation pattern was determined by its spatial properties. Mannan et al.28 , however, reported only weak similarities between the locations of fixations and those of spatial features examined.
The Guidance of Eye Movements in Radiology
The radiological image presents the observer with a range of complex and novel features, and the nature of the radiologist's examination of this image remains largely a mystery, both to scientists attempting to describe it, and to the radiologists themselves.
Radiologists do not look where they think they are looking, and large areas of the image can remain unsearched'8'21'22, often with the belief they had been8.
There is debate as to how much the radiologist is in conscious control of his/her examination of the image. Lesions are more likely to be examined and to be examined for longer, even if they are not reported20, suggesting they are picked up by a relatively low level, unconscious system. This suggests that the unconscious visual system might be better able to guide the eyes than the conscious Radiologist. Tuddenham and Calvert35 suggest that systematic search actually impedes detection, and Kundel et 19 fmd that radiological search patterns are best modelled by a random scanning model, suggesting no conscious pre-determined strategy, but a more unconscious driving of the eyes. For an information-rich radiological image, Nodine and Kundel29 suggest that the higher level, more cognitive, functions only begin to operate only as long as 10 seconds into a presentation.
Whatever the radiologist is doing, he/she is doing it very quickly. Kundel and Nodine'7 show remarkable detection rates for very brief (0.2 second) presentation times, the observers detecting a variety of abnormalities of varying sizes in a single glimpse of the image, without the need for scanning eye movements. This suggests the operation of a highly trained or expert system.
The Development of Expertise in Radiology
Whatever the arguments about the performance of radiologists, it remains true that the competent radiologist can meaningfully describe the features inherent in a radiological image while the control observer cannot. This expertise is presumed to develop as a result of the specific training and experience to which the trainee radiologist is exposed, but it is not known how skills of perception, detection, cognition, visual memory, interpretation, deduction and communication interact to produce the radiologist, nor which ofthem can be influenced by this training.
In a study of chess expertise, Chase and Simon9 argue that the main difference between novice and expert is that the experts have immediate access to relevant knowledge and superior pattern recognition. Even the latter, more fundamental ability can be receptive to training. Kami and Sagi'5 described the time course of learning for a simple line orientation detection task, suggesting that the new perceptual task triggered neural changes in the early processing stages of the adult visual system, and that the changes were permanent.
As a number of studies claim no difference between the detection performance of experienced and junior Radiologists of only a year's training4'5"2'32, it would appear that learning in some areas takes place within an initial short period only. Kundel and La Follette'6 show similarities between the initial fixations of experienced observers (from the second year of medical school onwards) when confronted with a radiographic image, in contrast with the eye movements of inexperienced observers. The radiologist broadly scanned the image, following the lines made by the anatomical features of the image, while laymen used a less structured pattern of eye movements and novices scanned localised regions in the centre. The search patterns of the residents and the experienced radiologists were similar, which suggests that the development of the search strategy depends on the knowledge of anatomy and pathology which are learnt at medical school. They also found that the experienced radiologists moved to the abnormality faster and interpreted the abnormality more accurately than the students. Nodine and Kundel29 claim that the experienced radiologist covers more of the relevant target area. Whether this is as a result of the conscious direction of the eyes to key areas on the basis of clinical knowledge (as the authors suggest), or of an improvement in basic search function as a result of experience is unclear.
This study aims to provide quantifiable evidence for the development of the acquisition of expertise in terms of a measurable change in an unconscious low-level system: the eye movement response to a radiological image. It is also hoped that it will offer some insight into the curious change which is taking place in the visual and perceptive systems of trainee radiologists.
METHODS
In order to explore the initial response of the visual system to radiological images in groups of individuals with increasing degrees of radiological training and experience, the locations of fixations made during visual inspection of digitised chest radiographs were examined.
Experimental Measurements
4 groups of observers took part in the experiment: 7 naive control observers ("controls"), 9 first-year radiologists ("novices"), 1 1 radiologists in the second and third years of their training ("trainees") and 10 experienced radiologists ("radiologists"). The mean experience of each group (with standard deviations in parenthesis) was 0.0 (0.0), 2.3 (0.7), 16.5 (4.3) and 90.0 (85.4) months respectively. The mean ages (with standard deviations in parenthesis) of observers in each of the groups were 27.0 (2.0), 28.8 (1 .9), 29.8 (1 .8) and 34.7 (7.6) years respectively. Snellen acuity (after refractive correction if required) was 6/6 or better. All observers were taken from the Department of Diagnostic Radiology, University of Wales College of Medicine, Cardiff.
Each observer viewed a total of 12 digitised chest radiographs (6 normal and 6 showing some abnormality) on a VDU, with each image being presented for 8s. The images were divided into two sessions of six images, and the presentation order of the different images within a given session was randomised. Eye movements were recorded throughout and observers indicated via a button box after each presentation whether they thought the radiograph to be normal or abnormal. The elicitation of responses was included solely to give observers a task, rather than to have them aimlessly look at the image.
Images were presented on a 256 grey level, high resolution (1280 pixel x 1024 pixel) 20 inch Hewlett Packard VDU (D1187A). Each image subtended 27 x 21 degrees, i.e. approximately the size of a conventional radiograph on a viewing light box. All the digitised images were inspected by JPH, an experienced radiologist, who subjectively evaluated the overall appearance of the image and the appearance of the general features and abnormalities (if present) and judged them to be within the limits ofthat which might be expected if the image was a conventional radiograph.
Eye-movements were tracked with the P-scan system3, a binocular, video-based, eye-movement tracker with 20 ms temporal resolution and degrees spatial resolution. The observer's head was held firmly in place by clamping at the temples and with the support of a chin-rest. Observers were instructed to avoid blinking during the presentation period and traces were eliminated from the analysis if blinks occurred during the analysis period. A full screen calibration of eyemovement position was performed at the start of each group of 6 images. Drift of calibration between images was minimised by the presentation of a small centrally positioned cross which the observer was requested to fixate before each image and which was removed 6Oms before the image appeared.
Identification of Fixations
Spatial locations of the eye's position were recorded for each 2Oms frame and the data were analysed in terms of fixations and saccades by the method described by Jacobs'3 The results of the analysis were examined together with the raw data in order to check on the analytical method employed. A fixation was defined by a minimum of three successive 20 ms frames in which eye position was maintained within 0.5 degrees, and successive fixations were distinguished by a separation of at least 0.5 degrees between eye positions in successive frames.
Comparing the Similarity of Eye-Movements
The study was concerned with the initial response of the visual system to the radiological image, and as a result, analysis was performed over the first 1 .5s and 3s of each eye movement trace only.
A least squares index, I, was utilised in order to quantify the similarity in fixation location between pairs of eye movement location of the 1th fixation in the first trace and its nearest neighbour in the second trace, and dj the distance between jth fixation in the second trace and that of its nearest neighbour in the first. The quantities a2 and b2 are the squares of the side length of the image, the term (a2 + b2) ensuring that D is dimensionless. Dr is defmed in the same way as D, but refers to two sets of random locations, the numbers of which equal ii and 2 n the two traces under comparison. The behaviour of the distribution as a function of n and 2 has been examined by Mannan et a127. The index of similarity compares the locations of two sets of fixations without regard to the order in which they were made. It should be noted that at the start of each image presentation, the observer was fixating the centre of the screen and this initial fixation was been omitted from the computations.
The similarities between trace pairs were then averaged to give intra-and inter-group similarities in fixation location.
RESULTS
In order to investigate any change in eye movement response to the radiological image with training, the analysis was focused on comparisons between each of the groups and the groups representing the two "end-points" of development, namely the controls and the experienced radiologists. In addition, the similarity of eye fixations within each of the groups was also examined.
There were essentially no differences in the trends observed when the analysis was performed over 1 .5s or over 3s. The average similarity values over 3s are lower across the board, a feature of increasing numbers of fixations already described in previous work27. For this reason, only the results of analysis performed over the first 1.5s will be examined here (though figure 4 offers the 3s data for comparison). For each image the similarity of an individual's eye-movement trace to that of each other individual was calculated. These similarities were then averaged to give mean inter-and intra-group similarities. Figure 1 shows the mean percentage similarity, I, when fixation locations for each of the four groups in turn (controls, novices, trainees and radiologists) were compared with fixation locations of controls. Controls have the highest similarity at around 67% when compared with controls, novices and radiologists show around the same degree of similarity to controls at around 63%, and trainees show the least similarity to controls, around 60%. The error bars show the standard error on the means.
As the order of the groups on the horizontal axis has been organised with increasing radiological experience to the right, figure 1 can also be thought of as illustrating the change in similarity with controls as radiological experience increases. The "mean" individual starts with no radiological experience and with eye-movements very similar to his/her fellow controls. As the individual acquires experience, his/her similarity with controls drops through the first year on into the second and third years of training. On qualifying as a radiologist, the individual regains some similarity with controls, though never reaching the initial similarity he/she shared with controls.
The mean percentage similarity, I, when fixation locations for each of the four groups in turn (controls, novices, trainees and radiologists) were compared with fixation locations of radiologists is shown in Figure 2 . Novices and radiologists show around the same degree of similarity to radiologists at around 67%, with controls showing less similarity at around 64%. At around 62%, trainees show the least similarity to radiologists. The error bars show the standard error on the means.
As with figure 1 , the horizontal axis of figure 2 has been organised with increasing radiological experience to the right, so that the graph can be read as illustrating the change of the "mean" individual's similarity with radiologists as the individual gains radiological experience. The graph shows that as the individual becomes a novice, his/her eye movements become more similar to radiologists. As the individual moves through the second and third years of training, his/her eye movements Group become less similar to radiologists than they were when the individual had no radiological experience, finally regaining similarity with radiologists.
Finally, the mean percentage similarity, I, when the similarity of fixation locations between members of each of the four groups in turn (controls, novices, trainees and radiologists) was examined. Figure 3 shows the novices having the highest intra-group similarity at around 69%, with controls and radiologists at a lesser level of around 67%. The lowest intra-group similarity by far was recorded for trainees at around 56%. Again, the error bars show the standard error on the means.
Viewing figure 3 as illustrating the change in mtra-group similarity with increasing radiological expertise (moving right along the horizontal axis), we see the "mean" control exhibiting a reasonably high degree of similarity to his/her fellow controls. Novices show slightly higher mtra-group similarity, but with increasing radiological experience, the "mean"
individual becomes much less similar to his/her peers, regaining similarity as he/she becomes an experienced radiologist.
As stated earlier, only the initial 1 .5s of the eye movement traces have been considered here, but figure 4 shows a similar analysis to that in figures 1 to 3 for analysis over 3s. It is included to illustrate that the trends observed over 1 .5s are maintained over 3s.
The accuracy of the values in figures 1 to 4 is denoted by error bars representing the standard error on the means. It is also useful to consider the spread of values for each of the groups. Mean similarities were calculated for each of the individuals in the study when compared with all controls, all radiologists, and all others within the individual's group. These individual measures were then averaged for each group to give a mean similarity for members of that group. Figure 5 shows the standard deviation on those means, in order to illustrate the spread of individual means within a group. In comparisons with controls, radiologists, and within their own group, the trainees show markedly higher standard deviation and hence spread of individual means than any of the other groups. There was therefore much variation in the response of individuals in the trainee group.
DISCUSSION
Figures 3 and 5 demonstrate a high degree of similarity in the locations of fixations for individuals within the same group, for controls, novices and for radiologists. However, the trainees show considerably more variability in response within their group. There is clearly less of a standard "trainee" response in terms of the locations of fixations, unless the group is characterised by this idiosyncratic quality.
Differences between the trainee response and that of the olher groups are also visible in figures 1 and 2, which show how the eye movement response of an individual develops with experience relative to that of a control and radiologist respectively. The response of novices appears to be less similar to controls and more similar to radiologists than that of the inexperienced controls. However, a gradual progression, in terms of the eye movement response becoming more like a radiologist and less like a control as experience increases, is not observed in the data. The novices are as similar to the radiologists as the radiologists are to themselves, and as similar to the controls as are the radiologists. The trainees, on the other hand, are less like the controls and less like the radiologists than are any ofthe groups.
The responses of the two extremes of radiological experience, namely the controls and the radiologists, are what one might expect. The radiologists tend to look at the image in a similar way as a group, using the same cues in the image, and lacking similarity with the controls. This is significant in that it shows that in terms of this low level response to the radiological image, radiologists are not the same as controls. The controls also tend to look at the image in a similar way as a group, lacking similarity with the radiologists, and presumably using a set of non-radiologically derived cues. Experienced radiologists share some similarity with controls, so perhaps the experienced radiologist learns to use the basic visual information available to controls in tandem with the radiological visual information unavailable to controls. After all, the visual system of an experienced radiologist developed from that of a control, and trained radiologists still have to deal with the everyday images of the world.
Moving on to the novice group, since these are individuals who have had only a few months of experience it might seem surprising that at this early stage their eye movements are as similar to radiologists and controls as are the radiologists themselves. However, "similar" does not mean "the same"; we cannot tell from the data the nature of the similarity, i.e.
whether the way in which novices are similar to radiologists is the way that radiologists are similar to each other. It would appear that what little experience the novices have gamed has had an effect on their response to the radiological image since they are more similar to radiologists than controls, though it may be that their years of medical (rather than radiological) training have had an input. This similarity to radiologists occurs so early in the presentation of the image (i.e. within the first 1 .5s), that it must be largely unconscious, and driven by the appearance of the stimulus rather than by a slow reasoned radiological or medical appraisal ofthe image.
Finally, the trainees present the most interesting data of all the groups and merit further study. Their members are more idiosyncratic in their responses, in that there is a less well-defmed "typical" way that trainee radiologists examine chest radiographs, compared with controls, novices or experienced radiologists. Trainees show less similarity to both controls and radiologists than any of the groups. The gain in similarity to radiologists with training observed in the novices is gone, and to become more like the radiologists they will also have to become more similar to the controls! Trainees are less like controls than experienced radiologists and less like radiologists than controls. It could be argued that this results from the trainee consciously trying to drive the visual system rather than sifting back and trusting it like the other groups.
In chasing for what it thinks might be there, the trainee shuns cues available to the controls resulting from the basic features of the image and misses the radiological cues available to the radiologist. This is unlikely as this study was performed on the first 1 .5s of eye-movement data, limiting the conscious driving of eye-movements and the planning of a search strategy. Another possibility is that in the development from control to experienced radiologist the visual system does not undergo a smooth transition -it becomes eccentric, disordered, as it reorders itself to handle both radiological and everyday images. The trainee state is therefore neither one thing nor the other. In order to become more similar to the radiologist, it maybe that the trainee must first become less similar as a drastic "rewiring" is taking place at a neural level.
CONCLUSION
Control observers examine every day images in a similar way and this is also true of radiological images. Experienced radiologists view radiological images in a similar way to each other, but their training has resulted in differences between them and controls. In becoming experienced radiologists, it appears that trainees may move through a developmental phase characterised by more idiosyncratic eye movements; their eye movements becoming less similar to controls or experienced radiologists than they were. With experience the eye movements of trainee radiologists may become more similar to both groups, but the transition of the trainee from novice to experienced radiologist is not a simple one: the change involves a period of some disorder.
